Abstract: This paper presents a time varying backstepping tracking controller (TVBTC) for the kinematic model of the non-holonomic wheeled mobile robot (WMR) that can improves the transient performances of the standard backstepping control scheme. The proposed TVBTC is derived based on the analysis of the error dynamic, as well as the stability conditions of the controlled system. The asymptotic stability of the system and the convergence of the posture errors to zero are guaranteed using the Lyapunov stability theory. In comparison with the other tracking control methods for the mobile robot, the simulation results demonstrate that the transient performance can be improved significantly using the proposed TVBTC, which is capable to track a circular path with faster settling time and minimal overshoot. In addition, the TVBTC can efficiently handle a situation with arbitrarily large initial tracking errors and it is capable to produce smooth and bounded velocity output in a finite time interval. The simulation results show the effectiveness of the proposed tracking controller at the starting time.
Introduction
The research on the tracking control of a wheeled mobile robot (WMR) is increased dramatically in recent years due to its important in robotics community. The path tracking controller is aimed to produce a control low for the linear and angular velocity/acceleration of the WMR in order to force the robot to pursue a desired trajectory. The objective of the tracking controller is to stabilise the tracking errors to zero. However, the tracking error cannot be avoided due to slippage, disturbances, noise, interaction between robot and its environment and the measured sensor errors from internal as well as external sources. Therefore, designing of an efficient and effective controller that allow the robot to accurately track a desired trajectory is still an open research topic in the robotics area (Yang et al., 2012) .
The tracking control for non-holonomic mobile robot attracted many researchers in the latest years. The available tracking control approaches can be categorised into backstepping (Fierro and Lewis, 1995; Kanayama et al., 1990; Peng et al., 2013; Sanhoury et al., 2011; Sun et al., 2013; Yang et al., 2001) , linearisation (Kim and Oh, 1999) , sliding mode (Chwa, 2004; Rigatos et al., 2000; Sanhoury et al., 2012) and intelligent methods (Yang and Hu, 2002; Zhang et al., 1999) . The backstepping controller is the most commonly used approach for a mobile robot to track a desired trajectory. The backstepping controller that based on the kinematic model of the non-holonomic mobile robot was first suggested by Kanayama et al. (1990) . This method is preferable due to its simple structure and suitable for the applications that have small tracking errors. The inputs to the backstepping controller are the reference velocities and the desired position trajectories, whereas the controller outputs are the robot linear and angular velocities. However, the robot velocity via the backstepping method is directly related to the state tracking errors. As a result, the main disadvantages of this approach are the large velocities commands that can be generated from a huge initial tracking errors as well as a sharp speed jump that can arises due to unexpected errors (Peng et al., 2013) . In such cases, the essential accelerations and forces/torques will be very large and may exceeds the vehicle's control constraints of the WMR with even infinite values that can be occur at the velocity jump points, which is difficult to be implementable in an actual robotic system.
A backstepping-based bioinspired methods is developed in order to solve the unrealistic large initial velocities that produced by the use of the backstepping approach (Peng et al., 2013; Sun et al., 2013; Yang et al., 2012) . The bioinspired neurodynamics model (Yang et al., 2012) can smooth the tracking errors along the forward direction as well as the heading error and the lateral error is ignored, whereas the backstepping approach is used to control the mobile robot based on the generated smooth tracking errors. However, if the error in the lateral direction is large, the hybrid controller fails to tackle the impractical large initial velocities of backstepping control approach.
This study is carried out to develop an actual time varying backstepping tracking controller (TVBTC) for the non-holonomic WMR that can satisfies multi-objective performance including short and smooth path simultaneously. The proposed TVBTC is quite simple and effective as compared with the controller mentioned in Yang et al. (2012) . In addition, the transient performance of the proposed controller, i.e., settling time and overshoot can be achieved by the time constant T according to the response of the first order system. The proposed TVBTC can achieve the same stability and ideal asymptotic properties of the standard backstepping control scheme with a significant improvement in the transient performance, i.e., settling time and overshoot. This paper is outlined as follows: Section 2 presents the methodology used in this work, which include WMR model, the analysis of tracking error, the controller design and the stability analysis. The simulation setup is given in Section 3. The results of the proposed TVBTC as compared to the standard backstepping control are discussed in Section 4. Finally, Section 5 presents the conclusion of this study. 
Kinematics model of non-holonomic mobile robot
where and represent the forward velocity and angular velocity, respectively. Throughout this paper, the robot location is assumed to be accurately known via sensor measurement.
Tracking error and error dynamics
The reference path of the non-holonomic WMR provides the desired robot posture in the global Cartesian coordinate system. According to Figure 2 , the posture tracking error equation in the local coordinate system is defined as:
where e D is the error in the forward direction, e L is the error in the lateral direction and e θ is the orientation error. The error dynamics of the WMR can be obtained from the time derivative of the abovementioned posture tracking error in equation (2) 
where v r represents the desired forward velocity and w r is the desired angular velocity of the robot. [ ]
The virtual velocity tracking control for the WMR in the horizontal plane based on the backstepping controller is given by Kanayama et al. (1990) ;
where
The backsepping approach is applied to find the linear and angular velocity, where the control low is based on the pose error vector E p and the desired velocities v r and w r .
By analysing the performance of the backstepping tracking controller as given in equation (5), a large initial velocities commands can be generated from a large initial tracking errors, which can causes a sharp speed jump due to the occurrence of an unexpected errors. In such situation, the required accelerations and the forces/torques produced can be very large and may exceed the vehicle's control constraints.
The TVBTC approach is proposed in this study to overcome the above mentioned limitations of the standard backstepping controller. The tracking control model structure can be shown in Figure 3 . The proposed controller is given by;
where v r is the desired forward velocity, w r is the desired angular velocity, K 1 is the gain in the longitudinal direction and T is the time constant. The proposed TVBTC significantly improves the control performance because its output is bounded to a finite time interval and stays smooth without any jumps even when the inputs change suddenly at the initial time. It can be observed from equation (9) that the gain in the longitudinal direction K 1 changes gradually from zero at the initial time to its final value. As a result, the velocity output from the proposed controller is smooth and bounded. In addition, the transient performance of the proposed controller (i.e., settling time and overshoot) can be achieved by the time constant T according to the response of the first order system. 
Stability analysis
The proposed TVBTC is quite simple and effective compared to the controller in Yang et al. (2012) . In addition, the stability of the system can be proved through the use of a Lyapunov stability theory. (6) is applied to the WMR kinematic model given in (1), E p = 0 is a stable equilibrium point.
Theorem 1: If the controller
Proof: A Lyapunov function candidate V is chosen to prove the asymptotical stability of the proposed time varying backstepping controller as follows; 
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is negative semi-definite. Therefore, the resulting system is asymptotically stable.
Simulation setup
The proposed controller is verified through a simulation work using MATLAB. To compare the performance of the proposed TVBTC (6) with Yang et al. (2012) method, the same simulation case study is carried out. First, the proposed controller is implemented to track a circular path with a constant linear and angular velocity. Then, it is compared with Yang et al. (2012) method and the standard backstepping controller.
The desired circular path is defined as x 2 + y 2 = 1 in the Cartesian coordinates. The initial posture of the WMR is (0, -0.6, 0), while the desired initial posture is (1, 0, 0) . Thus, the initial tracking error is (-1, -0.6, 0) . The input to the system is as follows: T = 1, v r = 1, w r = 1, k D = 10, k L = 4, and k θ = 2. The simulation interval is from 0 to 10 second, and the sampling time is 0.01 second.
Results and discussion
Figure 4 to Figure 6 show the tracking performance of the proposed TVBTC equation (6). Moreover, Figure 7 to Figure 9 illustrate the effectiveness of the standard backstepping-based tracking control method. It can be seen from Figure 4 and Figure 7 that both controllers required a short time to successfully track the desired circular path. However, as shown in Figure 5 and Figure 8 the performances of their velocity response are clearly different. Figure 5 shows the velocity response using the proposed TVBTC. It can be observed that the gain in the longitudinal direction changes gradually from zero at the initial time to its final value. As a result, the proposed TVBTC is capable to produce a bounded velocity input in a finite time interval, with zero value at the initial time. However, as shown in Figure 8 , the velocity response of the backstepping controller jumps to more than 10 m/s at the initial time when the tracking error changes suddenly. Compared with the standard backstepping-based tracking control method and the control approach proposed in Yang et al. (2012) , the proposed controller has a better performance with smooth and bounded velocity control input. Figure 6 and Figure 9 explain the tracking errors for the two cases, where it converges to zero as the time increase. 
Conclusions
A TVBTC is proposed in this study to achieve a smooth motion of a WMR. The proposed controller is employed to avoid the sharp speed jumps caused by the conventional backstepping method. Therefore, the required accelerations and forces/torques will not exceed the robot's control constraints. The simulation results showed that the proposed controller can produce smooth as well as continuous control signals with zero value at the initial time. In addition, the proposed TVBTC can achieve the same stability and ideal asymptotic properties of the standard backstepping control scheme with a significant improves in the transient performance (i.e., settling time and overshoot).
